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By George W. Jones, Jr., aEd Lou S. Young, Jr. 

k t  experimer-tal investigetion has  been d e  in   the Laagley transonic 
blowdown tunnel of the  transonic  f lutter  characterist ics of two 6rC0 swept- 
back delte wings. Each  zag had si_?ulated streamdse ribs and orthogonal 
spanvise sprs,  but one wing h&d a difTeren% stiffness aad mss than  the 
other.  Flutter was obfained on the more flexible h3ng at several Mcch 
nuibers  fro= 0.79 t o  1.28 md on the s t i f f e r  w t x g  a t  Hach nmfbers frm 
0.84 t o  0.97. 

At a given Mach nmiber, the  value of the E.ZSS r&io at f lu t te r   d i f -  
fered f o r  the two --gs by e. factor up t o  2, but  the data w e r e  correlated 
by use of %- parsneter  consisting of the  flutter-speed  coefficient  dtvided 
by the square root  of the xes6 ratLo. As the Mach rider was increased, 
the dynamic pressure  required f o r  f l u t t e r  aad the  Tlutter frequency 
increased by a factor of about 2 a t  e Mach nmiber of approxi-laately 1.05; 
this  increese is inkerpreted as a chmse i n   f l u t t e r  noiie. Reference 
flu-Lter speeds were celculated by use of s t r e m i s e  two-dimensional 
iccmpressible aerodynamic coefficlents  in a coupled modal analysis. 
These calcule.ted f lu t t e r  speeds were too  high fo r  the low-frequency 
f l a t t e r  mode by 11 t o  28 percent and too  lov for the high-frequency 
f lu t t e r  node by 11 to 35 percent. 

INTRODUCTION 



t e s t s  on a 54.O delta-wing  plan form (asgect  rztio about 2) which  simu- 
la ted  in  a crude na-rmer  one of severel  general tmes  of &lta-winp; 
construction i n  present-day  use. 

The Eodel construction simulated. spars no-mal to the   melege  plane 
of symmetry and streamrise ribs. Flutter  poiEts were obtained in   the Mach 
number range frm 0.79 t o  1.28 with  the Eodel cantilever  nomted at zero 
angle of attack without body freedom. The efsect of variations fn the 
mass retfo  vas determined at subsonic  speeds by use of a second, stiffer 
Eodel vhich also had slhulated streamwise ribs with orthogonal  spars. 

The results of t5e  investigation  are  presented  hereir  together with 
a coEpari.son of the experimental f l u t t e r  speeds with  those  calculated by 
a s w l i f i e d  method. Also included I s  a comparison of the messured vihra- 
t ion mdes with those  calculated from  measured structural  influence 
coerficienks. 

SYMBOLS 

s t r e m i s e  distance from strip  reference axis t o   s t r i p  
center-of-gravity  location,  positive if  center of gravity 
is  behlnd  reference a i s ,  f t  

s t r eawise   s t r i g   sdchord  passing  through  influence  coef- 
f icient  stations on stzip, ft 

reference wing s t remi ise   sdchord ,  mean geonetric exposed 
semichord, f t  

Eeasured coupled natural  frequencies (i = 1, 2, 3, o r  k ) ,  cps 

structural dmg5n.g coefficient i n  bending 

contribution of the 5th linearized mode t o  nondimensional 
vert ical  displacement of a wing s t r ip  reference &xis 
(i = L, 2, or 3) 

riass moment of irertia. of streaxwise wing striz of e d t h  8 
about the s t r ip  reference axis, slug-f’t2 I 

Mach number 

mss of a streamwZse  wing s t r ip  of wldth 8, slugs 

nass of w t n g  sections ( s  = L, 2, 3, . . . , 20), slugs, (fig. 4) 

dynamic pressure, pV2, lb/sq ft 
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s t a t i c  mss xoaent of streamvise wing s t r ip  of width 6 about 
str5.g reference axis, positive if center of gravity is 
behimi  reference axis, slug-ft 

ra t io  of wing thickness t o  streanwise chord 

free-stream velocit,y, ft/aec 

flutter-speed  ratio,  rztio of exgerhextal f lutter speed t o  
calculated,  or  reference,  flutter speed 

streanwise  distance fron leadirg edge to center-of-gravLty 
posli-tiolz, fraction of streurwise chord 

vertical  deflection of wing 

vertical  deflection of w i n g  a% a point where 831 influence 
coefficient WES measured (s  = 1, 2, 3, . , 20) 

contribution of the ith linearized node t o  torsional deflection 
of 2. I h g  s t r ig  about the stris reTerence axis (2  = 1, 2, o r  3) 

w5dth  of wing s t r ip  used f o r  reference  Trutter-speed  cdcula, 
tioos, ft 

nondhensionzl  distmce =long exposed wing span, 
Spanwise distmce measured frm wiag root 

Le~gth of q o s e d  spa 

mass-ratio  parameter, Exposed panel mass 

(Exposed panel spn) ( spbr2) 

sweepback angle of leadisg edge,  deg 

aLr density,  slugs/cu fi 

a n m a r  frequeEcy of g-utter,  r=a=s/sec 

angdsr coupled natural  frequencies, &f i, radLans/sec 

an-dar coupled gredominately torsion Zrequency, cu3, 
radians/sec 



Subscripts: 

e  experixentsl  vdues 

R ce2culated  values 

A sketch of both fielta Wi_n_gs shoving plan forms, basic dimensiom, 
and constructioE i s  given in  f igure 1. Each ~ L n g  h d  a leading-eQe 
sweepback a z l e  of epproximately 64O and tigs  clipped along streaorwfse 
lines. The vir4  sections had a rounded leading edge over t he   f i r s t  
k percent chord, straight  parallel  top Etnd bottom surfaces t o  85 percent 
chord, en& a  straight  taper on to2 and botton: f r m  85 percent chord t o  
2. sharp t ra i l ing  edge. Along the span each idEg p n e l  had a nexrl  y con- 
stant r s t i o  of thickness t o  chord excegt  %hat  near  the t ip  the  thich-ess 
rat50  increesed  sorirfhat. (See fig.  2.) 

Wing Construction 

Each 05 the wfr_gs vas constructed frcm a blank of 2021; alun?imm 
alloy which :.res shaped into two panels, as described i n  the previous 
section, vrith an igtegral moun-biw block, &s sbom in  figure 1. One 
paslel of each wing w&s modified so as t o  roughly s imla te  spars nomal 
t o  the  fuselage  plme of syrrme+,ry  and streawise r5bs. The forma-lion 
of the  shmlded ribs end spars vas accom$Lished by cutting  a  pcttem 
of circular  holes,  sme of vhich were connected by streaxwrise sa?? cuts, 
t b ~ o u g h  the  solid 2024. ving pmel. On bo%h xcdlfied wing panels  the 
holes and cu%s vere f i l l ed  with  lightweight,  low-stiffress foam plastic 
end wrapped with a sheet of O.CO3-inch-thick fiber  glass.  Figure 1 shows 
that  wing 2 has  a pattem of stremn.-lse saw cuts  vhich 5 s  different f r o m  
that of  ving 1. The difference  in  patterns of the saw ccts charged the 
number and location. of the simA.&ked spars md, along with  a sl ightly 
greater  thickness f o r  %ring 2, resulted i n  wing 2 beir?g s t i f f e r  than wLng 1. 

Wing Physical Parameters 

Xeasureme3x were made  on  xLngs 1 and 2 of the first four coupled 
natuxtl  frequeccies and node lines,  the exposed panel mass, end the 
structural damping coefficient  in berding. Values  of the  stmctural 
w i n g  coefflcient were detemined i h x  the decreEent of free-bending 
vLbrations i n  s t i l l  air. The Keasured frequencies and node lines  vhich 



are  gresented i n  figure 3 were obtained by use of an electronagnetic 
shaker mounied close t o  the  root  (see  fig. 3) j spA.nkled salt crystals 
depicted  the node l ines   z t  the natu-ral frequencies. 011 the basis of 
repeatablli-t;y of Vne dats? the measured frequemies have an accuracy 
which varies  fro=  &out 1 percent  for  the lowest Trequency t o  about 
2 percent  for  the fourth frequency. Th"e cdculated node l ines and 
frequencies of wing 1 which are shown in figure 3 wt-llbe discussed 
sub s e quent ly . 

Structural  influence  coefficients were  measured a t  15 points on 
wing 1. The values of the  influence  coefficients  obtained axe given 
in  table I(a). The goints zt which the inI"1uence coefficients were 
measure6 are show in  figure 4 which w5I-l  be  discussed i n  more detaZL 
later. 

Each influence  coefficient was ob-lahed in   the  followtng mmser: 
!?he wing krss T i d y  clamped i n  a horizontal  plane t o  a mssive mount. 

t o  measure the cier"1ections of the wing. The micrometer couldbe read 
directly t o  the  nearest  ten-thousmdth of an imh and 5nteqola ted to  , 
the  nearest fir"ty-thousmciYn of an inch. In order t o  ascertairz Idhen 
the  pointed end of the  dcrometer  (radius 5~0u-t 0.015 fnch)  touched 
the wing surl"ace, a direct  current  electrical  circuit contalnLng a 
neon t e s t  l a p  w a s  rigged betwee= the wing surface (which was coE;te& 

p o i ~ %  touched the wing, the neoE test 1- 15% md a reeding w ~ s  taken. 
A spark jmg as.the  poict neared the wing w a s  vir%ud.l.y eli-ninated by 
a high r e s i s t a c e  in the  circuit .  A micro?zleter reading was =de of the 
wing position  with no load on the wing, t h a  a weight w s s  h u g  at the 
desired  statLon and mother readi-ng ivxs taken. The lozding-deflection 
readlhg  procedure WES repeated  several t b e s  f o r  each ir3iuence  coef- 
f icient.  The deflections %bus obtained  xere  averwed and then  adjusted 
t o  give  defilection  per  unit load. 

I A traveling overhead support held a depth  nicroneter which w a s  used 

- 
- wLth a conduc-ting silver  paint) uld the  micrmeter  point. When the 

For use Ln frequency  calculztlions the natr3x of table I(a) was nade 
symmetrical by the following procedure: Each illrluence c0eI"ficien-t of 
table   I (a)  was  welghted  (multLplied) by the amiber of der"1ections  averaged 
-Lo obkein it. Then the sum of each  weighted pair  of supposedly reciprocal 
influence  coefficients was  divt-ded by the   t o t a l  of the weighting factors 
t o  give  the  final  influence  coefficieEt  value.  Wfluecce  coefficients at 
five  additior-a1  stations  (fig. 4) near the root were hte-rpolated fron the 
adjusted measreed values and assumed zero deflection a% the root.  The f ina l  
natrlx of adjusted a d  fnkergolated i&luen_ce coefficients used for fre- 
quency calculations is  given in   t ab le  I(b). In  table I(=), 78 percent 
of the off-diagonal eleneo-ls were within 3 percent of their  corresponding 
adjusted  values in   t ab le  I (b) ,  grid 92 percent were -wLthin 6 percent. I 
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ATter testing,  the  eqosed  mdified  ganel of w i n g  1 was cut  into s l x  
streaxwise  strips; and the ITLESS, the m s s  I;Lolrient of inertia about the 
sssumed strig  reference axis, and the  center-of-gravity  location of each 
s t r ig  were determined. me  nethods  used t o  lressure these parameters are 
discussed i n  reference 1. Each of the w i n g  st r ips  was then cuk into 
sections  associate6  with  the  influence  coefficients and the masses and 
center-of-gravity  locations of the  sections were determined. 

The division of whg 1 into  s t r igs  end sections,  the  polnts at which 
influence  coefficients were -waswed a?d inferred,  the  essmed  strip  refer- 
ence axes, the sectioa  center-of-gravity  locations, and a l i s t  or" section 
=asses &re given in figure 4. Table I1 gives physical parmeters of  the 
v h g s  as follows: Table I I ( a )  lists sone basic  physical  properties of 
vings 1 and 2; table II(b) l ists  the neasured ~ S S  properties of wing; 1; 
end table II(c) lists sme conguted deflectiorr  properties of wing 1 which 
vill be discussed subsequerztiy. 

The instmentation,  tunnel  characteris-tics, and testing technique 
are Cescribed in   detai l  i n  reference 1; only e brief  description of these 
i t e m  is given in  the  folloving paragraphs. 

The f lu t te r   t es t s  were in   the Langley transonic blowdom tunnel 
which has a  siotted  octagoml test section measuring 26 fnches between 
f la t s .  During the  operation of the %=el, a selected bkch  nmiber f r o m  
subsonic Xach nmbers u3 t o  supersonic Mach nmbers of about l . I t ,  wuch 
i s  set  by a? orHice  plzte downstream of the  test  section, can be  held 
approxinately  constmt  (after  the  orifice is choked) while test-section 
pressure, md thus  deosity, i s  varied. The density range is  approxhately 
0.001 t o  0.012 slug  per cubic foot. 

& 
? The Cklta-wing ~ ~ o t i e l s  vere  cantilever m u t e d  et 00 angle 03 aktaclr 

i n  a cylincjrical sting fuselage lTiount which covers the  zounting  block 
sho:m in   f igme I. The stizg  fuselsge I;1ou-rlt extends wLthout change of 
dimeter icko Yne subsonic-flow region of the  tunnel and thus  prevents 
the  fomation of box shock wwes vh5ch  might r e f l ec t   f rm   the  w a l l s  onto 
the Tadel.  Tie s"L;n-amental bending IYeqency of the s t h g  fuselsge mount 
vi th  mcdei attached is apymxircately 15 cycles  per second. 

Basically,  the inst-rumentation vas as follows: Wire s t ra in  gages, 
loczted as shovm in T i w e  3, were used to   indiczte  node1 deflection about 
b o  difrerent axes. A recordir-g oscillograph I.iaS used t o  obtain  coatin- 
uous records of tne strein-gzge sigrds, tunnel sta@;rsetion temperature and 
pressme, and test-section  static  pressure. The records of the strain- 
gage signals vere used t o  iieternine the st& of f lu t t e r  a d  the frequency 
of wing oscillztions. 

__r_ 
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The Mach nmiber range  over which f lu t t e r  was obtained on the wings 
was from 0.79 t o  1.28, but an a t t a q t  wzs made t o  f lu t t e r  %he wTngs a% 
Mach nmibers, up t o  1-33 and dynanic pressures up t o  4,500 lb/sq ft. 

Calculation of Frequencfes a;tla Mode Shapes 

The symmetrical matrk, table  I(b),  of adjusted and interpolated 
influence  coefficients neasured on w5mg 1 was put in%o the  matrh equation: 

where I is the mtrix of influence  coefficients. Equation (I) was 
solved  for  the  frequencies of the first three coupled n&tural  vibration 
modes and f o r  the  nondhensional  vertical  deflectfoas of each of the 
20 Whence-coefficient  stations of wing 1 in  these  three lrodes. As 
shown in figure 4., the 20 Mluence-coefliciat   statio- of wing 1 were 
generdly  not  located  exactly at the center-of-grav5ky positions of the 
influence-coefffclent  sections. As a check, a mtr5.x of W h e n c e  coef- 
f ic ients  at the  center-of-gravity  positions of the w i n g  sections wcs 
inferred  graphically fmn the  values of t a l e  I (b)  asla is presented in 
table 111. The matrix equation (ea_. (1)) us- t&is mat rh  w a s  solved 
for  the  frequencies and w h g  section  deZlections of the ffrst four natural 
vibration nodes. A comprison of the measured frequeacies w5th the two 
sets  of calculated  frequencies follows: 

Mode 

F i r s t  
Second 
Third 
Fourth I Results usfly 

of table  I(b) of table 111 

~ ~~ ~ ~~~ ~ ~ ~ ~~~ 

Results  using 
influence  coefr”icients influence  coefficients 

Frequency, Deviation, Frequency, Deviation, 
CPS aercent - CPS percent 

107 9 

-5.7 463 

-3.8 243 -15 3 a 4  
0.65 108.7 -0 . og 

361 8.1 3-70 5 95 
-”” ””” 

From each set  of frequency and deflection  calculations on wing 1, 
the node line  associated  with each calculated frequency was obtained 
graphically from cross plots of the computed deflection of the wi??_g ill 
that mode. The computed  node lines which are shown in figure 3 appear to 
be i n  good agreement with  the measured  node li_res. 



In  figure 5, glots of the  calculated  vert5cal  deflections of each 
whg s t r ip  of wing 1 in   the  first three coxpled =odes computed frm the 
influence  coefficients of table  I(b)  are  presented (dashed l ines).  The 
deflectioas shown have been  normalized by the  extrapolated  deflection of 
the   t ip  of the quarter-chord line. The deZection cu-rves show marked 
chordvise bending in   the seco3d end tiiird node for  sone of the strips. 
In order to   s i rp l i fy  the fheoretLcal  flutter-speed  calculations  the chord- 
wise bending of  the  str ips w&s remved by fitting a roo%-nem-square 
straight  l ine to each of the strQ deflectLon c u e s  (solid  l ines  in 
f ig .  5 ) .  Since strL-t, 5 has only *do influence  coefficient  stations and 
strir, 5 has oce infkJence  coefficienk  ststion m d  an extrapolated slope, 
the  calculated m-d linearized  deflection curves for these  strips i n  
figure 5 coincike. 

. 

The vertical  translatcon of the  strip  reference =is and rotation 
ebo-ut the  reference axis fo r  each vim& s t r ip  as obtained fron the  linear- 
ized  deflection curves ere  presented  in  table  II(c) fo r  each of the first 
three coupieci 1ro5es. The vziues PI table II(c) of the angular  deflectLon 
abou% the  stris  reference exes are  comalized by the  extrapolated  velues 
of the angular deflection of the streamwise t i p  chord about the  t ip  of 
the  qxrter-chord  line. 

Calculation of Reference Flutter Speeds 

Theoreticd. or reference  l lutter speeCs  were calculated  for w i r ~  1. 
Tkese reference f lu t t e r  speeds were  corq&ted by the  use of streamwj-se  two- 
d-kensional  incompressible aerodynamic coes"fic5eats i n  a couplea nodal 
enzlysis. The frequencies used i?l tine analysis were the first three meas- 
ured co;ls;ed cat-=ai  frequencies axxi the mcde shapes used were  t'nose of 
table   I I (c)  which  were obtaFned as discussed i n  the prevFous section. 

The influence  coefficient stEL+,ions on esch s t r ip  Ice elorg; a strean- 
wise s t r ig  akrord as sho5m in  f igure 4. Each strip reference axis is  the 
l ioe  noms1 t o  this s t r ip  chord a t  i ts  quarter-chord point.  In  the ref- 
erence flutter-speed  m-alysis,  since  the  strip  reference axes vere  elfec- 
tively  the  sme  as if  the idng q=zarter-chord l ine  hzd been chosen for the 
reference  axis, *here was s. s fq l i f ica t ion   in   the  aerodynmic  terns. 

The equations of motion ana the procedure f o r  coquting  the  coeffi- 
cients of the  flct-Ler  stability  deterainant  are  give3  in  the  amezdix. 
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RESULTS 
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General Comen-Ls 

For each of the flu-bter  points o ~ l l y  the modified wing gan-eel fluttered. 
The other  pmel or' solid 202k aluminum  was tested si.?nultaseously, but it 
was too  stF2f t o   f l u t t e r   i n  the denstty range of the turneel. 

The operathg  characteristics of the tunnel w e r e  such that  Zrequently 
during a s ingle   tes t  run (a test r u  is defined  as one operation of the 
twmel from vdve  opening t o  vdve  closing)  the tun-n-el operating curve of 
dynmic  pressure as a flmction of Biach  nur!jber intersected  the wing 
fl-utter-boundary  carve of ayllmic  pressure  required  for  flutter  against 
Mach nunher nore than once. In  such  instances,  each  point of 4hkersection 
i s  presented. in  the  data. 

Slightly =ore than h d f  of the  stark-of-flutter po-ints were  reacl-iely 
determined from the osc-illograph  records. Ezch of these  starts of f l u t t e r  
was characterized by a change Trom r a n d o m  ~Lng motion t o  continuous  sinus- 
o i b l  oscilla-bions  sccorpanied by arr Increase in oscil lation  aqli tude.  
For these  f lut ter  poirlts, vhen both  sets or" strab- gages were opera-bizg, 
the  frequeocies 03 both  strain gages w e r e  the same at the st& of f lu t te r .  
For the  reminder of  %he f l u t t e r   p o b t s  a period of internittent  sinus- 
oidal  type of oscillation preceded contirluous Tlutter and obscured Yne 
exact stmt of f lut ter .  Such periods axe designated low-dmpwg regiozzs 
'es in  reference 1 in-asnuch es the sun of the aerodynamic and structural  
damping i s  near  zero.  "here l o w  danping occurred, t w o  data. _points were 
selecteb: one point  near  the st& of the lox-dargi~g region and the 
other  near  the  start of continuous f lu t t e r  following the lov-damping 
region. Both data  points are presented in the  tables and figures. 

Presentation of Daea 

The results OP the  investigation are l i s t e d   i n  table N. The first 
four c o l m s  of the tzble contah a descriFtion of the  chronological 
behevior of the wing during each t e s t  m. The first column gives the 
wing identifica-ifon  nmber,  the second colm-  the number OP the run, 
and the  third colunn- the cbrcol?ological nuriber 05 each b t a  poir-l during 
each run. The fourtin column conteim code l e t t e r s  (Cefined in  table iV) 
Which describe  the  behavior ol" the   t es t  wing penel at the time of each 
data  point. 

Soae of the experimental results tabula-bed in_ table IV are  plotted 
as functions of Mach Ember in  figuzes 6, 7, and 8 for both wings 1 
and 2. Figure 6 is a plot  of W - d c  pressure  at  flutter;  figure 7 is  

a plot of the  parmeter ; =& figure 8 is  .= plot of the   f lu t te r  
-Drma,& 



frequency  normalized by the  third mtural frequency, which i s  designated 
as the  preddnant ly   tors ion frequency. It should  be  noted th&t for the 
point  at Mach nm-ber 1.28 in  figure 7 the corresponding rat io  of  frequen- 
cies has not beer- plotted i n  figure 8 because the  f lut ter  frequency was 
not obtained. A tygical  history of Mach  llrnnber and dynmic  pressure 
during  a t m e l  run is shown for ving 1 in  figure 9. J3xperimenta.l results 
normalized by enalybicd  results  are shown for wing I in  figures 10 
ar-d 11. Figure 10 shows the  variation of flutter-speed  ratio with Mach 
n-mber and figure 11 depicts  the corresponding variatioa of the  ratio of 
experhentd t o  calculated  flutter frequency with Mach nuder. In 
figzres 5, 7, and 10 the low-&ping regions  'are  icdicated  by dashed 
l i r e s  wnich extend fro= the  start-of-low-ding  goint (marked only by 
the lower er?d ol' the dashed l ine) t o  the  continuous-flutter  point (marked 
by a sphol EL% the upper end of the dashed l ine) .  

As shown i n  figure 6, f l u t t e r  was  obtained on wing 1 at Mach  nurribers 
fro= 0.79 t o  1.28 and values of dynamic pressure from 878 t o  4,296 lb/sq ft. 
Wing 2 was s t i f f e r  end slLghtly  heavier thm wirg I, so tht the ayI1azI.c 
pressure  required t o  f l u t t e r  wing 2 wzs nearer  the upper IixLt of the 
tunnel  dyxadc-pressure r-e. Consequently, only four f lutter  polnts at 
EIech  numbers fro= 0.8L t o  0.97 were obtained on  wing 2 although it was 
attempted  uithout  success t o  f l u t t e r  wing 2 at Mach nmbers up to 1.2 
w i t h  as.l?amic pressure  zp t o  about 4,500 lb/sq f't. The  dynamic pressure 
required t o   f l u t t e r  wing 2 a t  a  given Xsch rider was &bout double that 
reFdired for wing 1. (See fig.  6. ) Table IV shows that at a given Mach 
nmber  the  den-sity an&  hence the  Tlirtter mass ratio pe differed  for  the 
tiJ-0 wings  by a factor xp to 2. (CoEpare, for  instance,  the  values of 
wing 1, run 13, point 2 with  those of wing 2, run 2, poist 2 i n  
table IT.) It can also be seen fron? figure 6 khat for  wing 1 a t  low 
suFersonic Xach  numbers there is a ve-ry shzrp r i s e   i n  dynmic  pressure 
required  for  flutter. These data can be  discussed  with more fac i l i ty  
by m k i n g  use of figure 7. In  figure 7, for  the two wings irtvestigated, 
the  data  obtainea  are shown t c  be  correlated by the garameter 

ve , which vas  also eaployed in  reference 1. This fact  indicates 
-7. 

that, a t  a given Mach nuziber, the  flutter-speed  coefficieEt - ve 
brcocr. 

for  t'ne tvo wipGs varies  nearly  linearly -&th the square root or" the 
mss retio f o r  these  tests. Zigure 7 shows f o r  x h g  1 a t  a Mzch number 
of obout 1.05 a sharp r i s e   i n  Ire which corresponds t o  the sj-xtlar 

bPW& 
. 



r i s e  in- s, b figure 6. This sham increase 5s  interpreted es a change 
i n  f lu t t e r  mode. Additional evidence that this shif-l represents a change 
i n   f l u t t e r  miie is  presented in  figure 8, which shows a distinct 3- i n  
the  ra t io  of r'lutter frequency t o  torsion frequency at the sexe low super- 
socic Mach nmiber as  the shifts + k t  figures 6 and 7. SFzrilar sh i r t s  in  
f lu t t e r  mode on a delta-wing model are reported in reference 2. 

The possibility  exists that a second sh i f t  in f l u t t e r  node on m i  I 
may have,occurred at a Mach auriber of 1.24 as evfdenced by a large jump 
i= dys-anic press-me at   Tlut ter  (see flg. 6 )  and frequency of f l u t t e r  
(see fig.  8). m e  frequency ra t io  f o r  the  golht s;t; Y I C ~  nu&er 1.28 w a s  
not shown since  t le  frequeacy wa6 not  obtained from %he record; $owever, 
the  manic   gressure at f lu t t e r   fo r   t h i s   poh t  i s  given  (fig. 6 ) .  The 
h t z  aveilable  are  insufficient t o  draw z conclusion and the  faired 
f lu t t e r  bouodzries 02 figures 7 end LO are drawn as though a second skift 
i E  f l u t t e r  mode did Dot occur. 

The values or" the  flutter  frequencies of wing 1 in   the  low-frequezcy 
f lu t t e r  node (175 cps t o  204 cps) are between the  neasured first and second 
natural cousled  Trequencies, whereas the  frequencies of the high-frecuency 
f lu t t e r  =ode (375 cps t o  417 cps)  &re, -dth one exception, between the 

wing I, run 10, point 4 - show6 a f lu t t e r  frequency of 500 cps. 
- measured third m-d fourth coupled natural  frequencies. The oce exception - 
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aerodynaic  coefficients vas unrealistic on such a low-aspect-ratio, 
highly swept delta wing.  The  aerodynm5.c coefficients were also 
incoqressible ones vhich  precluded the  possibility of predicthg  the 
change i n   E x t t e r  node  which  was probably caused by  changes ir- aerodynamic 
loadicg r i t h  Mllach n-miber. In  aadition,  the  effects of chord-dse bending 
on the  aerowmic  forces,  as  well  as o ~ i  the  inertia an& elastic  forces, 
were neglected. In th i s  connection, it might be pointed  out  thet  the 
neglect of chor&wise bending distorted %he true mode shapes and destroyed 
the  orthogoEality  relationship so that  the  cff-dlagonel  term of the m s s  
mzcrix which  were considered t o  be  zero were Ec-Lmlly not zem.  O n l y  the 
f irst  three coupled nodes were used in the analysis. Since the frequelrcy 
of v5ng f lu t te r   in   the  high-frequency mde was, w i t h  one exception, between 
the  frequencies of  the  third ard fourth coupled modes it niight be expected 
that,   in  addition t o  the zse of correct aerotlymmic coefficients,  the 
inclusion of chordvise bentiing and the  fourth and perhaps higher coupled 
modes is? the analysis woulcl be  required t o  predict  the  flutter  character- 
i s t ics .  The inclusion of chordwise bezding aight also have  improved the 
correlation  at l O i T  Mech numbers. 

In  figure 10 the  flutter-speed ratios for wing 1, which vere  obtained 
by dividing  the experimental f lu t te r  speeds by the  reference  flutter 
speeds, have an average of about 0.72 a t  Mach  nulTiber 0.80. firhe f lut ter-  
speed ratios increase  with Mach nmber t o  a value or" a-pzroxbately 0.90 
at Xach  naziber 1.05 where an abrupt sh i f t  .in Ve/VR t o  a value of about 
1.13 occurs.  After  the  shift, which is  sttributed to the change in 
f lu t t e r  mode, the  flutter-speed  rztios  increase  steadily  with Mach  nuniber 
t o  a value of about 1.35 a t  Xach nunber 1.28. As sho-m  by the  f lutter-  
saeed ratios of figure 10, the  reference  i'lutter speeds were too high 
(unconservative) for  the lov-freqGency f lu t te r  node  by 11 t o  28 percent 
and too low for the high-LTrequency f lu t t e r  Eode by 11 t o  35 percent. 

Figure 11 shows that  agreenzent  between experimental and cahuleted 
f lu t t e r  frequencies in   the low-frequency f lu t t e r  mode (values of q,/% 
around 0.95) is  somewhat better thm the agreement  between -erimental 
and calculated  f lutter speeds. However, in   the high-frequency f lu t t e r  
Eode the  calculated  flutter  frequencies were much too low as shown by 
values of we/% of about 1.9. 

CONCLUSIONS 

Frm a transonic  flutter  investigzt5on OP two 640 sveptback delta 
wings having streamwise ribs and orthogonal, spmvise  spas  but  different 
stiffnesses and rmsses, the following  conclusions were obtained: 



1. A t  a given Mach nurrber the  values of the mass ra t io  f o r  the two 
wings differed by a Tactor up t o  2, but  the  data were correlated  by use 
of the parameter consisting of the flutter-speed  coeflicient  divided by 
the square root of the mess ratio. 

2. On the more flexible wisg both  the dynamLc pressure  required ?or 
f lu t t e r  and the   f lu t te r  frequency  suddenly  increased by a factor of about 
2 at a mch mniber of agproxinately 1.05: This increase is  interpreted 
as e chenge i n  f lu t t e r  Eode. 

3. Reference f lu t t e r  sgeed calculatiors made f o r  the nore Tlexible 
wing usiEg s t r e m s e  two-djmension-al incompressible aerodynamic coef- 
f ic ients  Zn e coupled nodal analysis were t o o  high for the low-frequeECy 
flukter mode by 11 t o  28 percent and too  ~ O J  f o r  the high-frequemy mO* 
by 11 t o  35 percen-b . 
Lmgley  AeroEautfcal Laborztory, 

National Advisory C o d t t e e  for Aermautics, 
Langley Field, Va., S e p t d e r  13, 1956. 



EQUATIOES OF XOTION FOR REFERENCE FIUT’IXR-SPEED C A L C W I O N S  

-7’e equations of rmbian used fcr  the reference  flutter-speed  calcu- 
iations are derived ir, reference 3 md are as follows: 

vkere g , ( t )  = ki,=e i s  t i e  generalized  coardinate which is e. f’unction 
cf tine, che aq l f t ade  sf which expresses how much of each nomil  node is  
ixlilded ir, the general  vikatory motion. 

iat - 

The czcessary am3 mfficient cosldition tkat solutions for the simul- 
taneous eqGations of xotiorr exist  (other tk._an 5 1  = 52 = 53 = 0) i s  that  
the de-lerminant of the  coeffkients eq-ials zero. 

The coefficieEzs Ln the  equations OS: xotion nay be broken down as 
follows : 

. 
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where the values of Q for w i n g  1 are as follows: 

and the su?nmations are over Wlng str%ps I tinrough 6. The Cij terms 
ere : 



16 

where F, and G, are the Theodorsen fmctions corresponding to 1 

and k, = - brw and tne values of Qii for ~ L n g  1 are &s follows: 
F 

v 

a7 = 2br(Vl8 f qz0) = -O.OOC62021 @ = br (q33 + 'p2k) = -0.0000&89 13 



J 

. 

@23 = b, (C?b5 i 'p~) = 0.0002686k @ - 2b, 'p58 = -0.00036476 2 
31 - 

The following v.zlues of cp for wiEg 1 c m  be evzluated Trom table I1 
(the swmakions w e  over strigs 1 through 6): 

= 1 b3hl056 = 0. ooc0716k9 '16 = 1 b3y26 = 0.000092856 



'p22 = 1 b3h2al6 = -0.00008&77 

'P31 = 1 b4a 1.3 a 6 = -C.C00&5483 

'33 

'p35 

'37 

'38 

939 

'40 

941 

q42 

'p43 

Q44 

' k5  

q46 

947 
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?armeter w.ng 2 Wing 1 

.. beg . . . . . . . . . . . . . . . . . . .  63.6 

0.418 0.421 Pznel span. f t  . . . . . . . . . . . . . . .  1.085 1.092 Span. f t  . . . . . . . . . . . . . . . . . .  64 

xce. avg . . . . . . . . . . . . . . . . . .  0.442 """_ b r . f t  . . . . . . . . . . . . . . . . . . .  0.244 0.247 

&. avg . . . . . . . . . . . . . . . . . .  
UJp3 . . . . . . . . . . . . . . . . . . .  
U 2 p 3  . . . . . . . . . . . . . . . . . . .  
Exposed p m e l  mass. slags . . . . . . . . .  
fl. cps . . . . . . . . . . . . . . . . . .  
f2. cps . . . . . . . . . . . . . . . . . .  

0.0283 
0.3158 
0.7398 
0.00587 

108 
253 

0.021.6 
0 2991 
0.7196 
0.00681 

160 
385 

" "y cps . . . . . . . . . . . . . . . . . .  I I 342 535 

(3) Measured mss groperties of Xing 1 

Strip . n;s . 
slug-Tt sp2g-f-t 2 slugs 
Sa6 f ... .. ft .. ft .. ft 

1 . . . . . . . .  0.1866 0.438 0.056 0.0003435 O.OOOl87 0.0018b 
2 . . . . . . . .  

. 0208 . 0521 . 0311 . oooooog . oooooo@ 0000413 4 . . . . . . . . .  

. 1067 . 276 . 0833 . 000128 . OOOOk30 . 00120 3 .  . . . . . . .  . 1434 . 360 . 0833 . 000268 . 0031219 . 00188 
4 . . . . . . . . .  . 0358 . 108 . C833 . 000008k .OCOOOl 73 .00021r- 1 5 . . . . . . . .  . 0716 . 192 . 0833 . OOOOk83 . 00001297 000671; 

( c >  Computed deflection  properties of vfng 1 

Strip a3 a2 9 h3 h2 111 

1 . . . . . . . . .  0.00098 0.0044 -0.0017 0.00021 0.0001~ 

. 5918 -8892 . 9311 . 662 . 5% . 862 6 . . . . . . . . .  -.6629 . ~ 2 2  . 5 n o  . 116 -.242. . 479 5 . . . . . . . . .  " 8 5 5  . 0972 . 2597 -158 "284 . 1% 4 . . . . . . . . .  -.4984 . 019 . 1070 . 156 -.142 . 063 3 . . . . . . . . .  -.125O -.OOlg . 0267 -039 -e027 . 011 2 . . . . . . . . .  -o.o&r: 

. 
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Figure 2.- Variation of ratio of average thickness  (over f la t  par t  of 
wing) t o  chord along w i n g  span f o r  wings 1 and %. 

.9 1.0 

I I 

" 



I 

n W/NG I \ .WING2 

L J  \ 8 Shaker focdion 

Figure 3.-  Measured. and calculated coupled natural  vibration  frequencies 
and  node lines,  shaker  location, and strain-gage positions. 
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Figure 4.- Sketch of wing 1 showing  strips,  inr'luence-coefficienk  sections, 
stat+ors, and sectioo center-of-gravity  positions. 
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(a)  F i r s t  node - calculated  freqhency 1.07.9 cps. 
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(b) Second mode - calculated  frequency 214.4 cps. E 
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Figure 5. - Continued. ;I 
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Straamwisa dlatunnaa along ntrlp, In.  ‘ P n l l l n g  
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( c )  Third mode - calculeLed  frequency 360.9 cps 

Figure 5. - Concluded. 
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Frgure 6.- Variation of dyllaxic pressure at f h t t e r  with Mach rrwnber f o r  
wings I w-d 2. 
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Figure 8.- Variation of r a t k  of f lu5ter frequency to masured  predoni- 
nm5iy torsiorr frequeccy with black mzzer f o r  wizgs 1 m d  2. 
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Figure 9.  - Variation of tu-me1 dynamic pressure with Mach number for e 
typical tunnel run on wing 1, during which flutter appsrently  occurred 
in two modes. 
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Figure 10.- Variation of f lut ter  speed r a t i o  with Mach number fo r  wing 1. 
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Figure 11.- Vnri.ation of rakio of experimental to  calculated f lu t t e r  
frcauencv with Mach  number for  wiw 1.. 
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